study question: Does maternal exposure during pregnancy to higher ambient temperature increase the risk of congenital heart defects (CHDs)?
Introduction
Congenital malformations (CMs) are a major cause of infant mortality and a leading cause of disability worldwide. Congenital heart defects (CHDs), the most prevalent CM group, occurred in 4 -8 of 1000 live births (van der Linde et al., 2011 ). In Israel, between 2000 11 000 infants (1.1% of live births) were born with CHDs (Agay-Shay et al., 2013a).
In the spring of 1963, the western part of Sydney, Australia, experienced unseasonably high temperatures of 42 -438C for several days and an observation was made that pregnant guinea pigs that had been exposed to this heat event had higher rates of spontaneous abortions and multiple limb contractures (Bennett, 2010) . Following this observation, the study of Edwards (1967) was the first to show that elevated maternal temperature during pregnancy can cause CM. Subsequent research demonstrated that hyperthermia could induce malformations in numerous animal models from rodent to non-human primates (Bennett, 2010) . In all species, the teratogenic effect of the hyperthermic insult depends on timing, intensity and duration of exposure, the central nervous system appearing to be the most vulnerable. Most anomalies detected in animal studies have been observed in clinical and epidemiologic studies of maternal fever and febrile illness, including neural-tube defects, microphthalmia, congenital cataracts, abdominal wall defects, CHDs, microcephaly, limb defects, craniofacial malformations and renal defects (Edwards, 2006) . However, little is known about the effect of ambient temperature on the human fetus during pregnancy, and available data mainly focus on gestational length and birthweight (Strand et al., 2011) . Some reports between ambient temperature and shorter gestational age, decreasing birthweight and stillbirths while others did not detect any associations Strand et al., 2011 Strand et al., , 2012 Wolf and Armstrong, 2012) . In the desert area of Israel, Yackerson et al. (2008) investigated the association between meteorological variables, preterm deliveries and preterm premature rupture of membranes and found a correlation with the maximum temperature. Only one study investigated the association between maternal exposure to extreme summer temperature and CM, and maternal exposure to extreme heat days based on universal apparent temperature in New York State was found to be associated with elevated risk of congenital cataracts CM (Van Zutphen et al., 2012) .
The objective of our study was to investigate the association between maternal exposure during Weeks 3 -8 of pregnancy to ambient temperature and extreme heat days and the risk of CHDs in an Israeli registry-based birth cohort from the Tel-Aviv region between January 2000 and December 2006.
Methods

Subjects and outcome
This study was a registry-based retrospective cohort conducted in the Tel-Aviv region of Israel in 2000 -2006. This area was chosen because our previous spatial analyses detected clusters of CHDs, and specifically atrial septal defects (ASDs) and ventricular septal defects (VSDs) Physicians in all the hospitals complete a standard form and indicate the type of malformation from an official obligatory list of CM that should be reported by law. Diagnosis of cases may occur at several stages: during pregnancy through ultrasound screening, at the first routine physical examination after delivery, or at the second physical examination before mother and child are discharged from the hospital. Coding was performed by staff members of the Department of Mother and Child Health and the Department of Community Genetics using standardized coding (ICD-10 codes). About 80% of the diagnosed CM cases have been recorded in the registry. The standard form that is sent to the Israeli Ministry of Health includes information on gestational age (weeks and days) and/or the last menstrual date. However, during the process of entering the data into the health program software, only gestational age (weeks) was recorded. Therefore, it was not possible to distinguish whether the information was based originally on the last menstrual date or on the physicians' assessment of gestational age (Amitai, 2007) . The birth defect data set included information regarding live births, stillbirths and pregnancies terminated after the 20th gestational week. Fetal deaths and spontaneous abortions prior to the 20th gestational week are not routinely recorded in Israel.
Eligible cases with CHDs for our study were live births and stillbirths with isolated or multiple CHDs. Two clinical diagnostic groups of isolated cardiac defects and one group of multiple cardiac defects were defined: (i) isolated ASD (code: Q21.1), (ii) isolated VSD (code: Q21.0) and (iii) multiple CHD cases, defined by the presence of two or more cardiac malformations (codes: Q20-Q28). Syndromic cases with genetic or chromosomal malformations were excluded from the analyses. CHDs in combination with malformation in other organ systems were also excluded from the analyses.
In this geographic area, there were 143 495 live born infants, stillbirths and fetal deaths during the study period. We excluded births without information regarding gestational age and those living in rural areas (to reduce potential misclassification of temperature exposure, as temperature monitors are located in urban areas). A total of 135 527 births met the study inclusion criteria and 130 402 of these were births without CM, referred to as the non-case population. There were 607 cases with multiple CHDs, 542 with isolated ASDs and 481 with isolated VSDs.
Maternal exposure assessment
Two automatic monitoring stations for temperature operated across the Tel-Aviv region during the entire research period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . These provided half-hourly measurements of temperature. The raw measurement data were obtained from the Israeli Ministry of Environmental Protection and the Israel Electric Corporation. Exposure estimates were calculated for Weeks 3 -8 of pregnancy because this period is considered to be the critical exposure window for cardiac system development (Vrijheid et al., 2010) .
The exposure assessment for the temperature included the following steps First, a regional half-hourly average was calculated. For the half-hourly temperature records, ,1% of the data for the regional average was missing (351 out of 139 857 half-hourly data); therefore, we did not include any threshold of missing data. We calculated two different temperature variables: (i) mean daily temperature, (ii) peak daily temperature, and then calculated the mean and maximum values, respectively, for Weeks 3 -8, the critical window.
In addition, the association of extreme heat events was also examined. There is a lack of consensus on the definition of an extreme temperature episode (Ye et al., 2012) . The extreme heat events, days above the 90th percentile, were calculated using two different approaches. First, we calculated extreme heat events based on the season and defined them as days during hot season with an average temperature .27.68C, and during the cold season as days with an average temperature .24.48C. Seasons were defined as hot season (spring and summer March 31 -September 22) and cold season (autumn and winter September 23 -March 30) (Alpert et al., 2004) . Secondly, we calculated the extreme heat events based on days with an average temperature above the 90th percentile of the average daily temperature within the previous 90 days. The sum of extreme heat event days during the critical window was calculated for each pregnancy. We also calculated the effect of 'heat waves' that were defined as three consecutive extreme heat event days.
The temperature exposure assessment was performed using only the temporal estimates. For sensitivity analyses, we evaluated the temperature using the nearest monitor approach, taking account of the maternal and station locations. Using this approach, the same estimations were observed (data not presented).
Statistical methods
Adjusted odds ratios (ORs) were estimated with 95% confidence intervals (CIs) for the risks associated with gestational exposure to high ambient temperature using multiple logistic regressions for each of the three groups of CHDs. The variables considered for the logistic regression were those that were both available and reliable covariates and consistently reported at birth. For example, education and occupation were available only for 40% of the cohort population (i.e. .60% of the cohort had missing data for these variables) and were therefore omitted from the models. Adjustment was made for the following covariates (Table I) : offspring sex, plurality (singleton/multiple birth), religion (Jew/non-Jew), maternal age (≤20, 21-25, 26 -30, 31 -34, 35-40, ≥41 years), maternal and paternal marital status (married/unmarried), maternal and paternal origin (Israel/non-Israeli), paternal age (≤20, 21-25, 26 -30, 31 -34, 35 -40 , ≥41 years). We could not consider maternal illness or alcohol, tobacco and drug use during pregnancy because these data are not recorded in the Israeli birth certificate (Agay-Shay et al., 2013a).
Material deprivation was measured using the ward-based socioeconomic status rankings derived from the maternal residential geocoded address. The ward-based socioeconomic status ranking was extracted from the Israeli Central Bureau of Statistics (based on the 1995 census data) and reflects various socioeconomic measures characterizing the ward's population, including income, parents' education, apartment size, possession of appliances and car ownership. The ranking represents, to a considerable extent, individual risk factors and possible confounders. It should be noted that the statistical wards are designed a priori to include relatively homogeneous populations with respect to ethnicity, lifestyle, social class and deprivation (Central Bureau of Statistics, 2011). A higher ranking indicates a higher socioeconomic status: this is in turn is known to be negatively correlated with parental smoking and child exposure to environmental tobacco smoke (Muhsen, 2006) . We included the ward-based socioeconomic status in the regression using three categories (low, medium and high status).
Temperature was modeled using two different approaches. In the first approach, we used temperature as a categorical exposure and entered temperature as quartiles of exposures, based on the distributions within the cohort population of the average ambient temperature during Weeks 3 -8 of pregnancy; the lowest quartile was the reference category. In the second approach, we used temperature as a continuous exposure and entered into separate models both the average temperature and the maximum temperature. The extreme heat event days and the heat waves were also entered as continuous exposures in separate models. To examine whether season of conception might modify the temperature associations, we stratified the analyses by season.
Ethical approval
The study was approved by the Ethics Committee of the University of Haifa. Further approvals from the director of Public Health Services and from the legal advisor in the Israeli Ministry of Health were also obtained. The investigators were provided with the CM and birth data sets only after deletion of all personal identifiers (e.g. identity numbers, name of mother). Written informed consent was not required.
Results
Descriptive statistics
Characteristics of live births and stillbirths with and without CHDs by season of conception are presented in Table I . Within the birth cohort there were seasonal patterns, with more conceptions during the winter. The CHDs category with the highest prevalence was multiple CHDs (47.2 per 10 000 births for hot season and 42.6 per 10 000 births for cold season). The prevalence of isolated VSDs and ASDs was 1.3 -3.7 times higher in multiple births.
Ambient daily average temperature measurements in the half-hourly data for every year are shown in Fig. 1 (calculated from 140 205 halfhourly measurements during the study period). During the hot season, especially June through September, the temperature was stable. Greater fluctuation in daily temperatures occurred during the cold season and especially during March through May.
Temperature associations
The crude and adjusted ORs (95% CI) to ambient temperature variables are presented in Table II . There was no major difference between the crude and adjusted models. In general, we did not find significant associations between ambient temperature variables and CHDs throughout year. However, the exception was 1.03 (95% CI: 1.01 -1.05), the adjusted OR for multiple CHDs for continuous exposure to maximum daily peak temperature (18C increase). After stratifying by season of conception, during the cold season continuous exposure to the average ambient temperature and the maximum peak temperature (18C increase) increased the risk for multiple CHDs (OR 1.05, 95% CI: 1.00, 1.10 and OR 1.03, 95% CI: 1.01, 1.05, respectively). Comparing the highest to lowest quartiles of average temperature increased the risk for multiple CHDs (OR 1.41, 95% CI: 1.03, 1.94).
For conceptions during the cold season, a 1-day increase in the extreme heat events during the critical period of development showed an increased risk for multiple CHDs (OR 1.13, 95% CI: 1.06, 1.21) and also for isolated ASDs (OR 1.10 95% CI: 1.02, 1.19). A 1-day increase in the extreme heat events that was based on the previous 90 days also showed an increased risk for multiple CHDs (OR 1.02, 95% CI: 1.00, 1.04) (Table II) .
Discussion
In this study, a registry-based population cohort was used to investigate the associations between maternal exposure ambient temperature, extreme heat days and heat waves during Weeks 3-8 of pregnancy and the risk of CHDs in offspring. The exposure assessment was based on a temporal approach enabling the calculation of ambient temperature measurements throughout the Tel-Aviv region between 1999 and 2006. Maternal exposure to higher ambient temperature increased Ambient temperature and congenital heart defects the risk for multiple CHDs throughout the year and during the cold season maternal exposure to higher ambient temperature, extreme heat days and heat waves increased the risk for isolated ASDs and multiple CHDs.
Previous research demonstrated that hyperthermia could induce malformations in numerous animal models from rodents to non-human primates and the teratogenic effect depends on timing, intensity and duration of exposure, while the specific biological mechanisms remained largely unknown (Bennett, 2010) . A pregnant woman may be more susceptible to changes in temperature due to the extra physical strain, and may be at a greater risk of heat stress because: (i) the core temperature increases due to increased fat deposition; (ii) the ratio of surface area to body mass decreases, reducing the capacity to lose heat by sweating; (iii) weight gain increases heat production and (iv) the fetus adds to the maternal heat stress by adding its body composition and metabolic rate (Strand et al., 2011) . Previous human epidemiological studies have pointed to associations of teratogenic effects with heat (Edwards, 2006) . These studies used exposure assessments typically based on post-partum maternal interviews about environmental conditions during early pregnancy. The existing literature mainly supports a possible association between central nervous system development and use of a hot tub and sauna during early pregnancy (Edwards, 2006) . For studies of CHDs there is no consensus, with some reporting no associations for hot tub, bath or sauna use or exposures to hot environments in early pregnancy (Tikkanen and Heinonen, 1991; Judge et al., 2004) while others demonstrate some associations (McDonald, 1958; Erickson, 1991; Chambers et al., 1998) . To the best of our knowledge, only one previous study addressed the association between ambient temperature and CHDs (Van Zutphen et al., 2012) . In this population-based case-control study, the researchers evaluated the associations between extreme summer apparent temperature and the occurrence of birth defects: no association was found for CHDs. In our study, we found the highest risk when comparing the highest with the lowest quartile of ambient temperature exposure, with an increased risk of 41% during the cold season. To better understand the effect of ambient temperature on CHDs risk, the effect of extreme heat events was also evaluated in the current study and an increased risk was found during the cold season for isolated ASD (10%) and for multiple CHD cases (2 -13%, depending on the approach used to define the extreme heat event).
Hot days, hot nights and heat waves have become more frequent and it is likely that extreme temperatures will increase due to climate change 
Continuous exposure (Core Writing Team, 2010) . In general, population sensitivity to cold weather is greater in temperate countries with mild winters, as populations are less well adapted to cold (Keatinge et al., 1997) . The sensitivity of a population to temperature extremes (hot and cold) changes over a time scale of decades (Honda et al., 1998) . There is some indication that populations in the USA have become less sensitive to high temperatures, as reported for the period 1964 -1988 (Davis et al., 2003 , and this may be partly explained by an increase in the percentage of US households who have air conditioning systems and an increase in their use (Donaldson et al, 2003) . Within our birth cohort there were seasonal patterns, with more conceptions during the winter and this was discussed previously (Agay-Shay et al., 2012) . Tel Aviv has a Mediterranean climate with a warm season with an average daily high temperature .288C and a cold season with an average daily high temperature ,208C. This might explain the effect of extreme heat days during the cold season. During the summer, the population in Israel is well adapted to heat. The high temperature is stable with small peaks. The indoor temperature levels could differ from the outdoor ambient temperature due to the use of air conditioners. According to the 2009 census, .85% of households in the Tel-Aviv region had air conditioners with some variation by socioeconomic status (70 -92%) (Central Bureau of Statistics, 2011) . However, during the cold season, the weather is less stable and changes, such as extreme heat days, might affect pregnant women more. Previous studies in Spain, which also has a Mediterranean climate, demonstrated an effect upon health with exposure to heat days during the winter (stronger associations during the winter). The authors proposed that this could be due to the unstable weather and temperature during the winter (Saez et al., 1995; Schifano et al., 2012) . Recently, a study demonstrated a change (decrease) in the temperature-mortality relationship; this change is probably attributable to the prevention programs. In Italy, for example, a national program for the prevention of the effects of heat on subjects aged 65 years and older has been operational since 2004. When level 2 and level 3 warnings are issued by the heat health watch warning systems, general practitioners monitor their patients through telephone calls and home visits, and provide specific interventions, such as modulation of pharmacological treatment, giving special attention to high-risk patients who were recently discharged from hospital (Michelozzi et al., 2010) . However, an effect of lower temperature remains, indicating a relevant impact of increasing temperature at the beginning of the summer when the population has not yet adapted to high temperature and intervention activities are not fully operational (Schifano et al., 2012) . Personal activity patterns, such as time spent indoors versus outdoors, and time spent at work or home are not considered by the use of ambient monitors, which assume uniform exposure over an area for a given time period. This exposure misclassification is assumed to be random and, therefore, biased towards the null. Temperature effect was evaluated by ambient measures and one of the disadvantages in the current study is that, within the urban areas, pregnant women may be exposed to higher temperatures than ambient monitors represent, because of the 'heat island effect'. Also, data for the amount of time spent indoors were not available and this could have resulted in exposure misclassification (Basu and Samet, 2002 ).
In the current study, the prevalence of isolated VSDs and ASDs was 1.3 -3.7 times higher in multiple births, compared with singleton births, due to stricter prenatal screening in multiple pregnancies (Amitai, 2007 (Reller et al., 2008) . The prevalence of CHDs in the lower ward-based socioeconomic status category was lower compared with the medium and high ward-based socioeconomic status categories. A national survey of prenatal screening in Israel pointed out that the rates of prenatal screening and genetic tests are the highest in the world, and they are more common among Jewish women from a high socioeconomic group (Romano-Zelekha and Shohat, 2012) . These high prenatal screening rates might explain the high prevalence of CHDs at birth observed in our study. In a recent literature review and meta-analysis, it was shown that the prevalence of total CHDs at birth in upper-middle-income countries was significantly higher than in lower-middle-income countries (van der Linde et al., 2011). The current study was based on birth certificates and has the advantage of using a large number of birth records, which reduces uncertainties due to random error misclassification and selection bias which are more common in smaller studies. A limitation is that birth record studies are typically restricted to routinely recorded information and may not fully control confounding from maternal or fetal risk factors. Research by Ritz and Wilhelm (2008) indicated that for adverse pregnancy outcomes this may not be a cause for concern. They found that trimester-specific association estimates for air pollution did not appear to be confounded by covariates other than those routinely collected on birth certificates, such as maternal age and ethnicity; this finding was not evaluated for temperature and birth outcomes. In the current study, the ward-based socioeconomical index that characterizes the wards' populations was added to the routinely collected covariates. This ranking represents, to some extent, several individual risk factors and possible confounders. Statistical wards are designed a priori to include relatively homogeneous populations with respect to ethnicity, lifestyle and social class.
This study contributes to the limited body of knowledge on the association of ambient temperature, extreme heat events and heat waves with CHD risk. The observed associations between maternal exposure to extreme heat days during the cold season, which increased the risk for multiple CHDs and isolated ASDs cases, are the first to be reported in the literature. These findings are important within the context of global climate change and might have public health importance in countries with mild winters and hot summers. Further studies are required to strengthen the current results.
